Abstract. Randomly deployed sensor networks often make initial communication gaps inside the deployed area even in an extremely highdensity network. How to add relay sensors such that the underlying graph is connected and the number of relay sensors added is minimized is an important problem in wireless sensor networks. This paper presents an Efficient Relay Sensors Placing Algorithm (ERSPA) for solving such a problem. Compared with minimum spanning tree algorithm and greedy algorithm, ERSPA achieves a better performance in terms of number of relay sensors added. Simulation results show that the average number of relay sensors added by minimal spanning tree algorithm is approximately up to two times than ERSPA algorithm.
Introduction
Randomly deployed networks often make initial communication gaps inside the deployed area even in an extremely high-density networks. In the random sensor network topology, the sensors may be sparsely located and the connectivity is no guaranteed. Therefore, finding an efficient algorithm for improving connectivity in wireless sensor networks and minimizing the number of relay sensors added is an important topic of researches. In a finite domain, the connectivity of random network depends only on the probability distribution of critical transmission range. Many studies try to find efficient algorithms for determining the critical transmission range for connectivity [1] [2] [3] . The asymptotic distribution of the critical transmission radius for k-connectivity is derived in [1] . This study proved the critical transmission range in the unit-area square is r n = log n+(2k−1) log log n+ξ πn where n is the number of network nodes and ξ is a constant. The critical transmitting range for connectivity in mobile ad hoc networks is proved in [2] . The author showed the critical transmission range (CTR) for a mobility model M is r M = c ln n πn for some constant c ≥ 1 where n is the number of nodes in the network. The mobility model M is assumed to be obstacle free and nodes are allowed to move only within a certain bounded area. In addition, many researches focus on maintaining sensing coverage and connectivity in wireless sensor networks [4] [5] [6] [7] . The transmission range (R t ) must be at least twice of the sensing range (R s ) is the sufficient condition to ensure that complete coverage preservation implies connectivity among active nodes [4] . Another study [5] enhanced the work in [4] to prove that the sufficient condition for complete coverage implies connectivity is R t = 2R s . In [7] , a coverage configuration protocol is proposed to achieve guaranteed degrees of coverage and connectivity. This work provided different degrees of coverage requested by applications. To measure the coverage, the work divides the sensing area into 1m × 1m patches. The coverage degree of a patch is approximately by measuring the number of active nodes that cover the center of the patch.
Note that the above studies [1] [2] [3] [4] [5] [6] [7] do not discuss how to place relay sensors to improve connectivity for a disconnected ad hoc network. Thus, there are many papers proposed for finding the optimal location to place the additional nodes to achieve network connectivity [8] [9] [10] [11] . This problem can be reduced to a minimal Steiner tree problem. In [8], a relay sensor placement algorithm to maintain connectivity is proposed. They formulated this problem into a network optimization problem, named Steiner Minimum Tree with Minimum Number of Steiner Points (SMT-MSP). This study restricts transmission power of each sensor to a small value and adds relay sensor to guarantee connectivity. Simulation results show that their method can achieve better performance in terms of total consumed power and maximum degree, especially for sparse network topology. However, their algorithm runs a time complexity in O(N 3 ). Some heuristic algorithms for the bounded edge-length Steiner tree problem with a good approximate ratio are proposed in [9] [10] [11] . Nevertheless, these heuristic algorithms do not consider the heterogeneous transmission ranges of terminal nodes and relay nodes.
Many researches focus on finding efficient heuristic algorithms to solve the minimal additional nodes placing problems and prolong the network lifetime [12] [13] [14] . A heuristic algorithm for energy preserving problem is proposed in [12] . This algorithm transforms the mixed-integer nonlinear problem into a linear programming problem. This study provides additional energy on the existing nodes and deploys relay nodes into the network to prolong network lifetime. In [13] , three heuristic algorithms are proposed for achieving connectivity of a randomly deployed ad hoc wireless networks. This work connects the network with a minimum number of additional nodes and maximize utility from a given number of additional nodes for the disconnected network. The time complexity of the greedy algorithms is O(N 2 ) in a two dimension space where N is the number of terminal nodes.
Our motivation is to find an efficient relay sensors placing algorithm to construct a connected communication graph for connectivity and minimize total relay sensors. Assume that all terminal and relay sensors have the same transmission range and all sensors are location aware. Simulation results show that
